Abstract. Ice volume export drives variations of Arctic ice mass balance. It also represents a significant fresh water input to the North Atlantic, which could in turn modulate the intensity of the thermohaline circulation. We present the first estimates of winter sea ice volume export through the Fram Strait using CryoSat-2 sea ice thickness retrievals and three different drift products for the years 2010 to 2017. The export rates vary between -21 and -540 km 3 /month. We find that ice drift variability is the main driver of annual and interannual ice volume export variability, and that the interannual variations of the ice drift are 5 driven by large scale variability of the atmospheric circulation captured by the Arctic Oscillation and North Atlantic Oscillation indices. On shorter timescale, however, the seasonal cycle is also driven by the mean thickness of exported sea ice, typically peaking in March. Considering Arctic winter multiyear ice volume changes, 54 % of the variability can be explained by the variations of ice volume export through the Fram Strait.
Introduction
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Variability of the Arctic sea ice export contributes significantly to the variations of surface salinity in the subpolar gyre, and in particular in the regions where deep convection occurs, such as the Labrador and Greenland Seas. Fram Strait ice export represents approximately 25% of the total fresh water export to the North Atlantic (Lique et al., 2009) . By the impact on convective overturning of water masses in the North Atlantic, changes in the export rates could affect the global ocean thermohaline circulation (Dickson et al., 1988) . A recent study by Ionita et al. (2016) reports that persistent atmospheric 15 blocking in winter leads to increased sea ice export through the Fram Strait, causing abrupt shifts in the Atlantic meridional overturning circulation variability. In turn, this might also affect the climate over Europe.
Variability of the Arctic sea-ice mass balance is determined by sea-ice production and melt on the one hand, and sea ice export on the other hand. Arctic sea ice volume and related interannual variations have been investigated in various recent studies (Tilling et al., 2015; Kwok and Cunningham, 2015; Ricker et al., 2017a) . The Fram Strait represents the main Arctic Therefore, MYI can reach several meters of thickness, making it resistant against storms and melting. Hence, MYI attenuates potential loss of ice coverage due to external forcing, while the thinner first-year ice (FYI) is much more sensitive to storms and temperature fluctuations (Holland et al., 2006) . As a consequence, summer ice concentration strongly correlates with MYI coverage, highlighting its climate relevance (Comiso, 1990; Thomas and Rothrock, 1993) . Multiple studies have shown that Arctic MYI fraction has been shrinking during the last decades, from about 75% in the mid 1980s to 45% in 2011 (Maslanik 5 et al., 2011) . Indeed, anomalously large summer melt reduces the MYI volume and prevents its replenishment by aging FYI (Stroeve et al., 2014; Kwok, 2007) .
In order to improve our understanding of these processes that are linked to the variability of Arctic MYI mass balance, monitoring sea ice volume export through the Fram Strait is crucial. Only satellite measurements have the capability to continuously monitor pan-arctic changes in ice concentration, thickness and drift, the parameters required for calculating ice volume flux. observations to derive sea ice thickness and AMSR-E 89 GHz passive microwave data to retrieve sea ice concentration and drift. A comparison with previous estimates that were based on a parametrization of ice thickness (Vinje et al., 1998; Kwok and Rothrock, 1999) and drift (Vinje et al., 1998) did not indicate a significant change of the total amount of Fram Strait sea ice export between the 1990s and 2008. However, one needs to keep in mind that ICESat measurements were restricted to 15 two periods per winter season, and thus, investigations on the seasonal cycle of ice volume export were limited. The European Space Agency (ESA) satellite CryoSat-2 (CS2) was launched in 2010 and partly overcomes these limitations (Wingham et al., 2006) as monthly Arctic wide CS2 sea-ice thickness estimates are derived between October and April (Tilling et al., 2016; Ricker et al., 2014) .
In this study, we pursue four main objectives. First, we use the CS2 ice thickness data set (Ricker et al., 2014) to estimate for 20 the first time winter sea ice export through Fram Strait over 7 years between 2010 and 2017 and compare our estimates with previous studies. We use three different low-resolution ice drift products in order to access the impact of the chosen drift data set. Second, we aim to examine the temporal variability of volume export and its links with variability in sea ice drift, thickness and concentration. We then relate the interannual variability of ice volume export through Fram Strait to the variability of the atmospheric circulation captured by the Arctic Oscillation and North Atlantic Oscillation indices. Our fourth objective is to 25 quantify the impact of winter ice volume export on Arctic sea ice mass balance, which will be achieved by considering Arctic net monthly ice volume changes.
The paper is organized as follows. Section 2 describes the CS2 ice thickness product, the used ice drift data and ancillary data sets. In section 3, we first examine spatial and temporal variability of sea ice thickness, drift and ice concentration at the Fram Strait gate and present estimates of the ice volume flux and Fram Strait export. The seasonal and interannual variability 30 of ice volume export and its impact on Arctic ice mass balance are discussed in section 4. Conclusions are drawn in section 5. 
Data and Methods
In this section, we describe data products used in this study, as well as methods to retrieve ice volume fluxes through the Fram Strait. Table 1 summarizes the specifications of the ice drift products. In addition to drift, ice thickness and concentration data are required to estimate ice volume fluxes. 
Sea Ice drift
OSI SAF
We use the low resolution sea ice drift data set from the Ocean and Sea Ice Satellite Application Facility (OSI SAF), specifically the OSI-405 multi sensor product. Various sensors and channels are processed in order to produce the merged product used here: SSMIS (91 GHz H&V polarization) on board DMSP platform F17, ASCAT (C-band backscatter) on board platform
Metop-A, and AMSR-2 on board JAXA platform GCOM-W. Ice drift is estimated by an advanced cross-correlation method
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(Continuous MCC) on pairs of satellite images (Lavergne et al., 2010) . The merged product considers the different single sensor data and their quality statistics in order to compensate for data gaps in the single sensor products. We use this multi sensor data set, since we require a sufficient data coverage in the Fram Strait area, which is not given by the single sensor products. Displacements and geographic coordinates of the start and end point of the displacements for 48 h time spans are provided on a 62.5 km x 62.5 km polar stereographic grid. In the following we refer to this product as OSISAF. 
Ifremer
From Ifremer/CERSAT, we use the merged product, which is obtained from combining Advanced Scatterometer (ASCAT) data and special sensor microwave/imager (SSM/I) brightness temperature measurements. It is provided for different time spans, including monthly lags, which is suitable for our study. The algorithm to deduce ice drift from scatterometer data and the merging with radiometer data is described in Ezraty et al. (2007) and Girard-Ardhuin and Ezraty (2012 are not available. Though we do not make use of the summer ice drift data, we choose to include this data set, since it is widely used in other studies (e.g. Krumpen et al. (2016) and Spreen et al. (2011) ). Monthly Displacements in x and y direction are provided on an EASE 2 25 km x 25 km polar stereographic grid. In the following we refer to this product as NSIDC. 
AWI CS2 sea ice thickness
We use the AWI CS2 product (processor version 1.2). Processing is based on CS2 orbit data files provided by ESA. Radar waveforms are processed according to Hendricks et al. (2016) and Ricker et al. (2014) , using a 50% threshold-first-maximum retracker to obtain ellipsoidal surface elevations (Ricker et al., 2014; Helm et al., 2014) . Radar waveforms from surfaces that contain openings in the ice pack appear as specular echoes and can be separated from diffuse echoes that contain reflections 15 from sea ice only. Based on this surface type classification, open water elevations are identified and used to derive the instantaneous sea-surface height anomaly by interpolation. To retrieve sea ice freeboard, the sea-surface height anomaly is subtracted from the ice surface elevations.
Freeboard is converted into sea ice thickness by assuming hydrostatic equilibrium (Laxon et al., 2003) . for the sea water density. Snow depth and density are deduced from the Warren snow climatology (W99) (Warren et al., 1999) .
The climatology is modified by reducing the snow depth by 50 % over FYI to take into account the recent change towards a seasonal Arctic ice cover. FYI and MYI are identified with the daily OSI SAF sea ice type product (Eastwood, 2012) . In order to obtain a sufficient spatial coverage, acquired thickness data are averaged monthly on an 25 km EASE 2 grid.
The CS2 observational uncertainties of sea ice thickness contain contributions that are associated with speckle noise, sea-
25
surface height estimation and densities of ice and snow (Ricker et al., 2014) . They can easily reach values of > 1 m for single measurements, but will be reduced to the range of centimeters by spatial averaging. Note that during the melting period from
May to September, the presence of melt ponds prevents the retrieval of sea ice thickness observations.
OSI SAF Ice concentration and type
We use the OSI SAF sea-ice concentration and type products and , respectively (Eastwood, 2012) .
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Ice concentration is needed for the ice volume computation for each 25 km grid cell and ice type is used to classify grid cells as FYI or MYI. The products are updated daily and the data are provided on a 10 km polar stereographic grid. To be consistent with the CS2 product, monthly means are projected onto the EASE2 25 km grid. Grid cells originally flagged as ambiguous are replaced by an inverse-distance interpolation to obtain FYI or MYI flags for all ice-covered grid cells.
Retrieving ice volume flux and export rates through Fram Strait
The first step is to project the ice drift and thickness data onto a common grid. The EASE 2 grid is based on an equal area 5 projection, and therefore, it is reasonable to use it for sea-ice volume estimations (Ricker et al., 2017a) . Hence, we define the 25 km EASE 2 grid provided in the AWI CS2 ice thickness product as our standard grid and interpolate the displacement data onto this grid. Since the NSIDC displacement data are already projected on an EASE grid, we only interpolate the displacements in x and y direction onto the 25 km grid. In contrast, the IFREMER and OSISAF grids are based on a polar stereographic projection. Here, we use the geographic coordinates of the start and end point of the displacement and project them onto the 10 EASE 2 grid separately. Afterwards, displacements in x and y direction of the EASE 2 grid are calculated. Since the Ifremer product is provided as monthly means, the daily updated OSISAF 48 h displacements need to be averaged monthly. Here, we calculate the displacements in x and y direction on the EASE 2 grid for each day and average them over one month.
Monthly ice volume flux Q x,y in x and y direction is obtained by:
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where l = 25 km is the size of the grid cells, H is the CS2 sea ice thickness, C is the ice concentration obtained from the OSISAF product, and D xy represents the ice drift in x and y direction respectively.
In order to compute ice volume export through Fram Strait, we follow the methodology of Krumpen et al. (2016) errors and biases in low resolution ice drift data that become larger with increasing ice velocities, typically found south of 82 Sumata et al., 2014 Sumata et al., , 2015 . Moreover, uncertainty of CS2 ice thickness increases at lower latitudes, especially near Fram Strait due to sparse orbit coverage (Ricker et al., 2014) .
Meridional (Q v ) and zonal (Q u ) components of the ice volume flux through the defined gate are calculated as follows:
where λ is the longitude of the respective grid cell. Uncertainties of Q are estimated by:
Consistent with Laxon et al. (2013) and Ricker et al. (2017a) , we set the ice-concentration uncertainty σ ci = 5%. Nevertheless, we acknowledge that the uncertainty may vary depending on the actual ice concentration (Ivanova et al., 2014) . Sea ice 30 thickness uncertainty σ H is provided in the AWI CS2 ice thickness product (Ricker et al., 2014) . Ice drift uncertainty σ D is • N, which is used for the calculation of the export rates, separated into meridional and zonal gates.
estimated using the empirical error functions for monthly mean Arctic sea-ice drift given in Sumata et al. (2015) . This study utilizes drift estimates from high-resolution SAR data as a reference. Drift uncertainties of low resolution monthly mean prod- ucts in x and y directions are provided for different drift speeds and ice concentrations. These uncertainties are then combined with the uncertainty of the reference ice drift. The deduced drift uncertainties for the low resolution drift products are in the range of 1.0 km/d, which is comparable to uncertainties estimated in previous studies (Spreen et al., 2009) .
We obtain the total ice volume flux through the Fram Strait (Q Ex ) by adding up the meridional zonal grid cell fluxes Q v and Q u along the gate:
Note that following the axes conventions, ice volume export Q Ex has a negative algebraic sign, corresponding to a sea ice loss from the Arctic Basin. Upper sub-panels show the temporal average SID. Right sub-panels show the average over the gate SID for each month within the OctoberApril period.
Results
In this section, we first examine sea ice drift, thickness and concentration at the Fram Strait gate. Throughout the study, we use the OSISAF drift as the reference product, because it shows the best performance among the used products in the Fram Strait (Sumata et al., 2014) . Second, we present estimates of the ice volume flux in the Arctic and the calculated export through Fram Strait. Third, we examine the choice of the drift product, computing ice volume export using also IFREMER and 5 NSIDC ice drift estimates. Throughout the paper, we refer to the winter period from October to April (OA). However, seasonal export estimates are calculated adding together monthly export from November to April (NA), since we have no ice thickness estimates for October 2010. 
Sea ice drift, thickness and concentration at the gate
We consider all input parameters for Eq. (1), sea ice thickness (H), sea ice drift (D), and ice concentration (C). Figure 2 shows the spatiotemporal distribution of CS2 ice thickness along the meridional and zonal gates through each winter season, separated into FYI and MYI. Ice thickness along the gate is variable and ranges from 0 to 5 m. The mean gate thickness reveals a consistent gradient from thinner ice in October to thicker ice in April in all years, although the gradient can be small for at about 6
• W, followed by a decrease towards the coast of Greenland. The stationary peak at about 6
• W suggests a large scale forcing and could be associated with the East Greenland Current (Rudels et al., 2002) . We also notice that mean drift across the zonal gate is only 35 % of the mean drift across the meridional gate. The IFREMER and NSIDC ice drift also exhibit similar patterns as OSISAF (not shown).
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Sea ice volume flux and export through the Fram Strait
Deriving sea ice volume export using different ice drift products
Discussion
Relative contribution of sea ice drift, thickness and concentration to the volume flux variability
In order to understand the mechanisms behind the variability in ice volume export, we now examine the three input parameters, drift, we find opposite features. The mean monthly drift in the time domain is highly variable, without a distinct trend over the OA period (Figure 7a ). These characteristics of the variability of input parameters affect the mean monthly ice volume export ( Figure 7b ). The mean seasonal cycle over the period 2010-2017 is characterized by minimums in October and January and the maximum in March. Considering seasonal cycles of drift, thickness, and concentration at the gate and comparing it with the seasonal cycle of the ice export, we find that the variability is mostly explained by the ice drift (Figure 7a ) as also 5 suggested by the RSD. On the other hand, the positive gradient of the ice volume export between autumn and spring with the annual maximum in March can be associated with the seasonal cycle of sea ice thickness (Figure 7a ). This seems primarily driven by thermodynamic ice growth and deformation. Although the seasonal cycle of mean ice concentration along the entire gate shows positive gradients as well, with a similar RSD as the ice thickness, it seems to play a minor role for the ice export variability. This is because ice concentration variability at the meridional gate is small due to the persistent ice coverage over 10 the season. Considered separately, we find a RSD of 0.78 at the zonal gate and a RSD of 0.08 at the meridional gate. But due to the smaller size, lower ice drift and thinner ice, the zonal volume flux is only about 4 % of the total ice export over the 7-years period.
Comparison to previous studies
Sea-ice export through the Fram Strait and its variability has been the focus of several previous studies. A major difference 15 in the method is the choice of the position of the gate. Smedsrud et al. (2017) placed the gate at 79
• N, Spreen et al. (2009) placed their most northern gate at 80
• N, and Kwok and Rothrock (1999) placed their gate at about 81
• N. Except for the study of Krumpen et al. (2016) , all these previous studies use only a meridional gate or a straight connection between Greenland and Spitsbergen. The major advantage of using a gate positioned further north like at 82
• N is that ice motion products and thickness estimates from satellites show lower uncertainties at this latitude. Indeed, errors and biases of low resolution ice drift 20 data derived from passive microwave and scatterometer data become larger as ice velocity increases, and velocity tends to be
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larger with steeper gradients south of 82
• N (Sumata et al., 2014 (Sumata et al., , 2015 . On the other hand, uncertainty of CS2 ice thickness increases at lower latitudes, especially in Fram Strait due to sparse orbit coverage (Ricker et al., 2014 (Ricker et al., , 2017b ). Therefore, we followed the approach of Krumpen et al. (2016) , placing the gate at 82
• N, which appears to be a good compromise in order to reduce uncertainty associated with our ice volume export estimate. Figure 7b shows the mean monthly winter export from October to April from this study, compared to previous estimates 5 (Kwok et al., 2004; Spreen et al., 2009; Vinje et al., 1998) . Vinje et al. (1998) and Kwok et al. (2004) between the lowest and largest estimate is found in March. Our estimate seems to be the one with the highest change between October and April, e.g. our estimates are the lowest in October, and the highest in April (Figure 7b ). Our seasonal cycle also reveals higher variability. Several factors might cause this discrepancy:
1. The observing periods are not overlapping and therefore, differences in mean monthly export can be caused by natural variations in ice thickness and drift. 
Bottom melt due to the recirculation of warm Atlantic water between between 82
• N and 80
• N might lead to a reduction in ice volume (Wekerle et al., 2017) .
3. The low resolution of the drift data might lead to systematic uncertainties in the volume flux at the gate, especially near the coast and the ice margins, affecting all retrievals.
4. Systematic differences between the CS2 and ICESat ice thickness retrievals may appear because of different retrieval 25 algorithms and different sensor characteristics.
Ice drift at 80
• N might be underestimated due large ice velocities, which are not well captured in radiometer-and scatterometer-based drift products.
Despite these differences, estimates from different studies exhibit consistent features, such as the maximum in March. In the following, we will discuss the interannual variability and the role of atmospheric circulation patterns.
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Interannual ice volume export variability
The time series of winter ice volume export through the Fram Strait reveals a significant decrease of 500 km (Smedsrud et al., 2017) and thus, we also find a drop in ice thickness at the Fram Strait for 2012/2013, which is accompanied by a lower mean drift (Figure 4 ). In contrast, in winter season 2013/2014, which followed a cold Arctic summer with low melt rates (Tilling et al., 2015) , ice thickness at the gate is increasing, accompanied by a higher mean drift (Figure 4 ). This results in an ice volume export comparable to 2010/2011 ( Figure 6 ).
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We also examine the link between ice volume export and North Atlantic Oscillation (NAO) index and the Arctic Oscillation (AO) index (Figure 6b ). The NAO index is defined as the sea level pressure anomaly between Lisbon, Portugal, and Reykjavik, Iceland. A positive NAO index is associated with an Icelandic low and a corresponding high-pressure system over the Azores.
When the Icelandic low is intensified, the sea level pressure gradient in the Fram Strait increases, leading to strong northerly winds and hence, increased sea ice drift (Kwok and Rothrock, 1999; Ionita et al., 2016; Smedsrud et al., 2017) . Thus, a high, The sea level pressure gradient variability through the Fram Strait is also captured in the AO and its corresponding index, described in Thompson and Wallace (1998) 4.4 The impact of ice volume export on Arctic ice mass balance Kwok et al. (1999) investigated the area balance of the Arctic Ocean perennial ice zone between October 1996 and April 1997.
Using RADARSAT data, they reported that MYI area loss can be explained almost entirely by ice export. Moreover, their findings suggest that export is dominated by ice flux through the Fram Strait, while export through other gates like Nares Strait plays a minor role. According to Kwok et al. (1999) , MYI area export through Nares Strait is about 5 % of the Fram Strait MYI area export. The balance of MYI area is only affected by export and ice dynamics, assuming that the net melt of MYI area is zero in winter. As a consequence, Arctic MYI area is decreasing from October to April, and in turn, this decrease is almost entirely balanced by exported MYI area (Kwok et al., 1999) .
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In the following, we investigate the ice volume balance of the Arctic MYI. In contrast to MYI area, we assume that MYI volume growth rate of the Arctic Ocean domain (dV MYI /dt) is affected by both export (Q ExMYI ) and ice volume gain due to thermodynamic growth (dV thermMYI /dt). Neglecting net melt of MYI in winter, we can write:
The term dV residMYI /dt accounts for residual contributions, such as ice deformation that might change the bulk ice density,
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which we assume to be constant. However, we believe that dV residMYI /dt is small compared to dV thermMYI /dt. Therefore, we assume that winter MYI volume variability is primarily affected by changes in ice volume export and thermodynamic growth. deduce that the variability of dV MYI /dt is significantly driven by the variability of the ice drift in the Fram Strait.
The high correlation (0.74) between Q ExMYI and dV MYI /dt is also noticeable. This proves the accuracy of Arctic MYI volume estimates as the correlation between Q ExMYI and dV MYI /dt exposes the signal of ice volume export in the MYI volume budget. In case of large errors in dV MYI /dt as indicated in Figure 8 by the error bars, correlation with Q ExMYI would be degraded. 20 
Conclusions
Here we have used, for the first time, the CryoSat-2 ice thickness retrievals in order to quantify the sea ice export through Fram Strait. We performed a detailed analysis of variability and important processes for the Arctic multiyear ice (MYI) mass balance. Based on our analysis, the following conclusions can be drawn:
1. Based on different ice drift products, the three ice volume export retrievals (Q Ex,OSISAF , Q Ex,IFREMER , Q Ex,NSIDC ) ex-25 hibit similarities in their variability, although they differ in magnitude by -23 % (Q Ex,IFREMER ) and -26 % (Q Ex,NSIDC ), compared to Q Ex,OSISAF . In order to investigate long-term trends in ice volume export derived from multiple satellite observations, we therefore need to construct multi-sensor consistent time series of ice drift, thickness, and concentration.
Moreover, a consistent methodology to compute ice volume flux through Fram Strait is required.
2. Ice drift shows coherent spatial variability across Fram Strait, but high frequency variability from month to month. The 6. While MYI area declines during the seasonal cycle, MYI volume is in equilibrium or slightly increases. We believe that this is a consequence of thermodynamic ice growth, which compensates the loss due to ice export. Contrary, MYI area loss due to export adds to the loss by area compression due to convergence. 
